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Abstract. Investigations of the responses to acclimation of upper and lower lethal
limits and limits to activity in insects have focused primarily on Drosophila. In the
present study, Halmaeusa atriceps (Staphylinidae) is examined for thermal toler-
ance responses to acclimation, and seasonal acclimatization. In summer and
winter, lower lethal temperatures of adults and larvae are approximately
7.6 0.03 and 11.1 0.06 C, respectively. Supercooling points (SCPs) are
more variable, with winter SCPs of 5.4 0.4 C in larvae and 6.3 0.8 C in
adults. The species appears to be chill susceptible in summer and moderately
freeze tolerant in winter, thus showing seasonal acclimatization. Similar changes
cannot be induced solely by acclimation to low temperatures in the laboratory.
Upper lethal temperatures show a weaker response to acclimation. There are also
significant responses to acclimation of critical thermal limits. Critical thermal
minima vary between 3.6 0.2 and 0.6 0.2 C in larvae, and from
4.1 0.1 to 0.8 0.2 C in adults. By contrast, critical thermal maxima vary
much less within adults and larvae. These findings are in keeping with the general
pattern found in insects, although this species differs in several respects from
others found on Marion Island.
Key words. Cold hardiness, crystallization temperature, heat tolerance, lethal
limits, phenotypic flexibility.
Introduction
The responses of ectotherms to their surrounding thermal
environments have long fascinated environmental physiolo-
gists. In particular, the ways in which these responses are
modified over time, the ways in which they vary spatially,
and the extent to which upper and lower temperature limits
are coupled, are enjoying renewed attention (Chen et al.,
1991; Kingsolver & Huey, 1998; Hercus et al., 2000; Klok
& Chown, 2003). Most notable amongst the several reasons
for this recent vigour in the field, at least from an ecological
perspective, are the realization that spatial variation (or the
lack thereof) in thermal tolerance limits might determine
both species abundances and their range limits (Chown &
Gaston, 1999), and that an understanding of the rate at
which tolerance limits might evolve, together with the extent
to which change is adaptive or a consequence of phenotypic
plasticity (Huey & Berrigan, 1996; Berrigan & Hoffmann,
1998), is essential for understanding the likely future
impacts of rapid climate change (Walther et al., 2002;
Hoffmann et al., 2003a).
Major concerns of recent work have therefore been two-
fold and comprise: (i) the extent to which acclimation
(or phenotypic plasticity) might account for differences in
thermal tolerances among populations and among species and
(ii) whether this acclimation response is beneficial (Berrigan &
Hoffmann, 1998; Huey et al., 1999; Woods & Harrison,
2002). Although much of the variation between species in
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thermal tolerances is probably adaptive in the strict sense (for
reviews, see Spicer &Gaston, 1999; Chown &Nicolson, 2004),
it is becoming clear that, at the population level, much of the
geographical variation is a consequence of phenotypic plasti-
city (Klok & Chown, 2003; Ayrinhac et al., 2004). The second
major concern is the form of the relationship between upper
and lower lethal limits and the way in which this relationship
might change in response to acclimation (Chown, 2001).
Essentially, it appears that, in insects, responses to high and
low temperatures are decoupled, such that a change in lower
lethal limits is not necessarily accompanied by a change in
upper lethal limits, either when populations, species, or popu-
lations in selection experiments are compared (Gilchrist et al.,
1997; Addo-Bediako et al., 2000; Hercus et al., 2000). In add-
ition, acclimation responses to low temperatures typically are
stronger than those to high temperatures (Chown, 2001). The
likely mechanistic reasons for this decoupling are now being
explored (Klok et al., 2004; Koštál et al., 2004; Sinclair et al.,
2004).
Nonetheless, these responses might not be common to all
insect species. For example, Hoffmann et al. (2002) found
that there is substantial variation in both high and low
temperature responses in Drosophila melanogaster, such
that there are opposing clines for upper and lower thermal
tolerance. Moreover, Klok & Chown (2003) noted that
exploration of these kinds of thermal responses is limited.
They argued that much of the work on the relationships
between high and low temperature tolerance, and the
responses of these tolerances to acclimation, has been
undertaken on Drosophila, and that coverage in other
groups, which might have considerably different responses
to temperature, is relatively poor. Based on the fact that a
substantial amount of the variance in high and low tem-
perature tolerance is partitioned above the genus level
(Addo-Bediako et al., 2000), Klok & Chown (2003) argued
that investigations of thermal tolerances and their responses
to acclimation should be broadened to include a wider
range of taxa, rather than simply a few model organisms.
This call echoes several recent reviews that have shown not
only that comparisons of laboratory selection experiments
and comparative studies can substantially inform evolution-
ary physiology (Kingsolver & Huey, 1998; Feder et al.,
2000a), but also that broadening the phylogenetic and geo-
graphical extent of such work can contribute substantially
to the developing field of macrophysiology (Chown et al.,
2002, 2004).
In the present study, this call is taken up by examining the
response of upper and lower lethal limits to acclimation in
Halmaeusa atriceps (C. O. Waterhouse), a beetle of the
family Staphylinidae found on sub-Antarctic Marion
Island. The Staphylinidae is one of the largest beetle
families, containing several thousand genera, belonging to
31 subfamilies (Lawrence & Newton, 1995). Halmaeusa
atriceps is wingless, occurs on the Prince Edward, Crozet,
Kerguelen and Falkland Islands, and South Georgia, and is
closely related to the sub-Antarctic Leptusa species that
inhabit terrestrial habitats on Campbell and Auckland
Islands (Leschen et al., 2002). OnMarion Island,H. atriceps
adults and larvae inhabit a wide range of habitats on the
coastal plain. They are associated with nitrogenous decom-
posing plant material, on which they apparently feed,
although they also consume nematodes (Crafford et al.,
1986) and springtails (S.S., personal observation). Both
larvae and adults are active foragers on Marion Island
and appear to inhabit the same niche throughout the year.
Although the Staphylinidae is represented in the cold hardi-
ness literature (Luff, 1966; Petersen et al., 1996), as is
H. atriceps (on South Georgia; Block & Sømme, 1983),
neither the critical thermal limits, upper thermal tolerance,
response to acclimation or the relationships between these
variables have been investigated for either the family or the
species.
Materials and methods
Study site and microclimate measurements
This study was undertaken at Marion Island (46540S,
37450E) between April 2001 and May 2002, with additional
data on winter supercooling points (see below) obtained in
2004. Marion Island, the larger of two volcanic islands
forming the Prince Edward Island Group in the sub-
Antarctic, lies to the north of the Antarctic Polar Frontal
Zone. It has an oceanic climate, with much reduced seaso-
nal and daily fluctuations in air temperature. Mean annual
air temperature (1.2m above-ground) is 5.7 C, whereas
mean annual soil temperature (2 cm below ground) at 0m
above sea level (a.s.l.) is 6.7 C (hourly measurements
between May 2002 and April 2003). Despite the climate of
Marion Island being oceanic, and hence rather stable, cli-
matic changes have been shown to be rapid and, during the
past 50 years, mean annual air temperatures have increased
by 1.2 C and mean annual precipitation has declined by
approximately 500mm (almost 20% of the predecline total)
(Smith, 2002).
Microhabitat temperatures were recorded at 60-min
intervals, 2 cm below ground (where invertebrates are
typically highly abundant), at 100-m altitude increments,
between sea level and 300m a.s.l. on the eastern side of
Marion Island using calibrated Thermochron I-Buttons
(Dallas Semiconductors, Dallas, Texas) between May 2002
and April 2003. I-Buttons were collected and replaced every
3months. Microclimate data were divided into 3-month
periods (May to July, July to September, September to
November, November to January and January to March),
and data from each period were analysed separately. Mean,
mean minimum and mean maximum daily temperatures
were determined for each period, as were absolute minimum
and maximum temperatures.
Study animals
Individuals were collected from the field (from below
25m a.s.l.) and transported to the laboratory within 3 h of
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collection. Specimens were kept in vials with a moist Plaster
of Paris substrate and transferred to temperature-controlled
incubators (0 and 5 C with an LD 9 : 15 h photoperiod, and
15 and 20 C with a LD 14 : 10 h photoperiod). Acclimation
treatments lasted 7 days (for rationale, see Klok & Chown,
2003). Insects were provided with detritus from their sites of
collection (including microarthropods), and were thus not
intentionally starved. All experiments were also performed
on field-fresh (unacclimated) individuals. In this study,
field-fresh refers to individuals kept in plastic containers,
as described above, at ambient LD cycles and temperatures
for no longer than 7 days. The order of experimentation on
acclimated and field-fresh individuals was randomized to
avoid any order effects.
Supercooling point (crystallization temperature)
determination
For the determination of supercooling points, the methods
of Klok & Chown (1997) were adopted. The supercooling
points (SCP) of individual specimens were determined by
securing each animal against a thermocouple inside a pipette
tip using paper towel. Thermocouples (Type T copper-
constantan 40-gauge; Physitemp, U.S.A.) were connected to
a Campbell CR10 datalogger (Campbell Scientific, Inc., U.K.)
that logged temperatures every second and calculated a mean
every 10 s. The pipette tips (10) containing the specimens were
placed into air-filled Vacutainers (BD Vacutainer Systems,
U.K.) that were in turn submerged into a Grant LTC 12
water bath (Grant Instruments, Cambridge, U.K.) (or a
custom-built Peltier cooling device in 2004) at 0 C for those
animals acclimated at 0 C, and 5 C for field fresh animals
and those acclimated at 5, 15 and 20 C, respectively. After a
15-min equilibration period, the temperature was lowered by
0.1 Cmin1. The lowest temperature reached before the
onset of an exothermwas taken as the SCP for that individual.
Sample sizes were typically 20–30 individuals for each treat-
ment and stage (adults and larvae were examined), although
the sample size was 8 in one instance. Because distributions
were not normal, SCPs were compared using a generalized
linear model with normal errors and an identity link function,
and the 95% confidence intervals of the weighted marginal
means were used for comparisons among groups.
Upper and lower thermal tolerances
Lethal temperature experiments provide information on
the thermal tolerance ranges of species and were employed
to investigate the responses of two different life stages to low
and high temperature exposure after different acclimation
treatments. Lower lethal temperature (LLT) results also pro-
vide a means of determining whether or not there is signifi-
cant prefreeze mortality (Bale, 1993), and this information
could not be obtained from the SCP trials. Upper and lower
thermal limit investigations are more animal intensive than
the SCP or the critical thermal limit methods described
below. These experiments were therefore conducted on a
subset of the treatment (acclimation) temperatures.
Batches of 10 animals were placed into 8 1 cm cylin-
drical screw-top plastic vials, which were submerged into a
Grant LTD 20 water bath at a set temperature (high or low)
for 1 h. An identical airtight plastic vial containing a
40-gauge copper-constantan thermocouple was submerged
with the vials containing insects to monitor temperature,
using a handheld thermometer (CHY 507 Thermometer,
Taiwan). Pieces of wet or dry filter paper were inserted
into the plastic vials containing insects for upper and
lower lethal thermal tolerance experiments, respectively,
but otherwise the procedure undertaken was the same for
both. Conducting upper thermal tolerances in a saturated
environment removes the confounding effects of desiccation
on survival when assessing tolerance to high temperatures
(Hoffmann et al., 2003b). Vials were removed from the
water bath and transferred to an incubator (at the original
acclimation temperature, except for field-fresh batches that
were transferred to a 10 C incubator). Survival of individ-
uals was scored after 24 h (for rationale, see Chown &
Nicolson, 2004). Individuals that showed normal locomotor
activity were classified as alive. Those that were active but
not walking normally were classified as uncoordinated and
those that showed no motion at all were classified as dead.
Total mortality per sample was calculated by adding the
number of uncoordinated individuals to the number that
died and expressing this as a proportion of all individuals.
The temperature was altered by 1 C and the experiment
repeated with new individuals until the temperature range
encompassed 5–95% survival. The procedure was replicated
at least four times at each experimental temperature for
each of the treatment temperatures.
Critical thermal limits
Critical thermal minima (CTmin) and maxima (CTmax)
techniques were used to investigate chill coma and heat
stupor of H. atriceps adults and larvae. This dynamic
method (Lutterschmidt & Hutchison, 1997) employs a rela-
tively rapid ramped temperature protocol up or down to the
temperature where the last individual in a batch can no
longer right itself, or at which it shows spasms. Ten insects
were placed individually into chambers (1 1 cm) situated
on a small (10 5 1 cm) aluminium stage, which was con-
nected to a Grant LTC 12 water bath (0.1 C accuracy). A
40-gauge copper-constantan thermocouple was connected
to the stage and the temperature monitored by a handheld
thermometer. The temperature recorded on the stage was
assumed to be representative of the body temperatures (Tb)
of the 10 experimental animals due to their small size (adult
and larval live masses were equal to, or less than 1mg).
Specimens were observed through a dissecting microscope
for the duration of an experiment. Before an experiment
commenced, several dry silica gel crystals were placed on
the stage out of reach of the insects to prevent condensation
Differential responses of thermal tolerance to acclimation 197
# 2005 The Royal Entomological Society, Physiological Entomology, 30, 195–204
inside the chambers and thus to rule out any chance of
inoculative freezing during CTmin determinations.
For CTmin, water bath temperature was set at 5
C for
5min and lowered at 0.5 Cmin1 until the onset of cold
stupor was observed in all specimens. The onset of chill
coma (CTminO) in the adults and larvae was considered as
the temperature at which a particular insect lost motor
function. Water bath temperature was allowed to decline
to 1 C below the temperature at which the last CTminO
value was recorded and remained there for 5min. Tempera-
ture was then increased by 0.5 Cmin1. The temperature at
which each individual regained complete motor function
was noted as its recovery temperature (CTminR). Essentially
the same protocol was used for the CTmax experiments,
except that the temperature was ramped upwards at
0.5 Cmin1, and only the temperature at which an individ-
ual lost motor control due to heat stupor (CTmax) was
recorded (animals often did not survive this treatment).
Analyses of variance were used to test for critical thermal
limit differences between the experimental groups for
CTminO, CTminR and CTmax.
Results
Mean microhabitat temperatures varied between 3 and 9 C
depending on the altitude of the site (Fig. 1c). The absolute
minimum temperature recorded was 6.0 C at 200m a.s.l.
(September 2002) and the absolute maximum recorded was
22.5 C at sea level (December 2002) (Table 1). At the most
extreme site (200m), there were 29 freeze–thaw cycles and
temperature remained below 0 C for at least 176 h over the
year. At other altitudes, microhabitat temperatures were
warmer, possibly due to the heavy snowfalls that were
encountered in the winter of 2002.
Supercooling points in field-fresh summer acclimatized
individuals were low, and there were no differences between
larvae and adults (Tables 2 and 3; w2¼ 0.002, d.f.¼ 1,
P¼ 0.97). By contrast, although there were no significant
differences in SCPs between adults and larvae in winter-
acclimatized individuals (w2¼ 0.97, d.f.¼ 1, P¼ 0.33),
there was a strong elevation in SCPs such that winter-accli-
matized individuals had much higher SCPs than summer-
acclimatized individuals (Table 2; adults: w2¼ 136.7,
d.f.¼ 1, P< 0.0001; Table 3, larvae: w2¼ 215.8, d.f.¼ 1,
P< 0.0001). In both adults and larvae, this change was
not effected in all members of the population. Rather, a
few individuals in the group retained SCPs below12 C, as
also reflected by the differences between the mean and
median SCPs (Tables 2 and 3). The summer-acclimatized
larvae, but not adults, showed a reverse trend, with just a
few individuals having relatively high SCPs, but the major-
ity showing low SCPs (Fig. 2d). In the laboratory acclimation
experiments, there were significant differences between the
summer-acclimated individuals, but these differences were
generally small and somewhat idiosyncratic in both adults
and larvae, although the strongest depression in the SCP was
found in animals acclimated to 20 C (Tables 2 and 3). How-
ever, there were significant differences between the animals
acclimated to the 0 C conditions in autumn and summer,
although this difference was not pronounced in the adults,
possibly due to the small sample size. Nonetheless, it is clear
that, in individuals collected in summer, there is no strong
response to a 0 C acclimation treatment, but that the
response in autumn is much more pronounced. Thus, it
appears that, in summer, irrespective of the acclimation
treatment, SCPs are low in the laboratory, as they are in
the field (Tables 2 and 3) but, as winter approaches, SCPs
increase considerably. By contrast, lower lethal temperatures
Fig. 1. (A) Mean daily maximum, (B) mean daily minimum and
(C) overall mean microhabitat temperatures (SE; C) for Marion
Island for each of the periods investigated at 0 (^), 100 (*), 200 (~)
and 300 (&)m a.s.l.
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appear to vary by only a few degrees, between 7.6 C and
10.8 C in adults and between 11.1 C and 13.4 C in
larvae (Tables 2 and 3). In the winter, these temperatures lie
well below the SCP, whereas they lie above it in summer.
Upper lethal limits showed a similar small range in vari-
ation (Fig. 3) and, although significant, differences among
acclimation treatments were small. There also appeared to
be little difference between individuals that were summer- or
winter-acclimated or -acclimatized.
Critical thermal limits did not differ significantly between
field-fresh adults and larvae, except in the case of CTmax,
but even here the difference was small (1.2 C) (Table 4).
Acclimation had a pronounced and significant effect on
both CTminO and CTminR, with low temperature treatments
causing a decline in both parameters. Overall, mean CTminO
varied by 3.3 C and mean CTminR by 7.6
C in adults and
by 3.0 and 4.2 C, respectively, in larvae across the treat-
ment temperatures (Table 4). In adults, differences in CTmax
across treatments were smaller (2.2 C), although signifi-
cant, whereas there were no significant differences between
treatments in the larvae. CTminO and CTminR values in field-
fresh individuals were most similar to those in experimental
individuals acclimated at either 0 or 5 C (Table 4).
Discussion
In summer-acclimated and -acclimatized adults and larvae of
Halmaeusa atriceps, the supercooling point (or crystallization
temperature) is not equivalent to the lower lethal temperature.
Rather, there is substantial prefreeze mortality, as recorded in
several species of insects and other arthropods (Bale, 1993). In
Bale’s (1993) terminology, summer-acclimatized (and high tem-
perature-acclimated) individuals of this species are chill suscep-
tible. Plotting SCPs and haemolymph osmolality values
(approximately 400–565mOsm, Sinclair & Chown, 2002) on
the scheme developed by Zachariassen (1985) supports the
notion that this species is chill susceptible in summer, although
both the SCP and lower lethal temperature are somewhat lower
than those that are characteristic of summer-acclimatized indi-
viduals (Zachariassen, 1985; Fig. 1). The strong response of the
SCP in both adults and larvae to acclimation at 20 C is
surprising in this regard. However, it may be a consequence
of cross-tolerance to heat shock, which is known to alter the
cold hardiness response in several species (Chown &Nicolson,
2004). Perhaps of more significance is that, at least in the
adults of H. atriceps, a high temperature acclimation
Table 2. Summary statistics for supercooling points (C) of field-fresh (FF) Halmaeusa atriceps adults, and adults acclimated at 0, 5, 15 and 20 C.
Life stage and treatment n Mean SE Median Minimum Maximum
Supercooling points
FF adults (late summer) 20 18.9 0.7 19.9 22.7 13.4
FF adults (winter, whole group) 28 6.3 0.8 3.8 17.0 3.0
FF adults (winter, high group) 23 4.5 0.4 3.6 8.6 3.0
0 C adults (autumn) 20 9.8 0.5a 9.2 16.7 7.2
0 C adults (summer) 8 14.1 1.95ab 15.8 20.6 3.8
5 C adults (summer) 20 13.6 1.2b 15.5 21.3 4.2
15 C adults (summer) 20 14.4 1.1b 14.8 23.1 5.0




Lower lethal temperature LT50
FF adults (winter)  7.6 0.03
0 C adults (autumn)  10.8 0.05
20 C adults (spring)  9.7 0.12
ANOVA: F2,7¼ 4.09,
P> 0.05
Different letters for SCPs denote significantly different means based on at the 95% confidence intervals of the weighted marginal means obtained from
fitting a generalized model with normal errors and an identity link function to the data. The w2statistics and significances of these models are shown. In
the case of the lower lethal temperature data, an ANOVA approach was used and different letters denote differences based on Tukey’s Honest Significant
Difference.
Table 1. Absolute minimum and maximum temperatures, and the range in temperature (C) measured at 0, 100, 200 and 300m a.s.l. on Marion Island
between May 2002 and March 2003.
Altitude
May – Jul Jul – Sep Sep – Nov Nov – Jan Jan – Mar
(m a.s.l.) Min Max Range Min Max Range Min Max Range Min Max Range Min Max Range
0 0.5 11.0 10.5 0.5 10.0 9.5 0.5 11.5 11.0 3.5 22.5 19.0 5.0 17.5 12.5
100 0.0 11.0 11.0 0.5 13.0 12.5 0.5 15.5 15.0 2.5 16.0 13.5 3.0 15.5 12.5
200 0.5 9.0 8.5 2.5 18.5 21.0 1.0 13.0 14.0 6.0 16.0 22.0 1.5 14.5 13.0
300 0.5 9.5 9.0 0.0 11.5 11.5 0.5 13.0 12.5 1.5 15.0 13.5 1.0 15.5 14.5
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treatment has little influence on survival, despite the change
in SCP.
In winter-acclimatized individuals, there appears to be a
wholly different response to low temperatures. Indeed, the
SCP increases to a point where it is several degrees above
the LT50 (Tables 2 and 3), suggesting that both adults and
larvae switch to freeze tolerance under winter conditions.
The study suggests that not all individuals make this
change, and indeed they may show a different response if
subjected to repeated freeze-thaw cycles (Bale et al., 2001;
see also Brown et al., 2004). Bimodality in invertebrate
SCPs has been well documented previously in other groups,
such as the springtails (Cannon & Block, 1988). It is clear
that moderate freeze tolerance (for a discussion of freeze
tolerance categories, see Chown & Nicolson, 2004) is used
as a strategy to survive winter conditions, which may also
explain the findings of Sinclair & Chown (2002) demon-
strating that there is a change in haemolymph osmolality
of more than 100mOsm in response to low temperature
acclimation in autumn. What is curious, however, is the
fact that the alteration in strategy cannot solely be effected
by a change in temperature and light regimes under labora-
tory conditions. Rather, some other signal appears to be
involved, which would make this species dissimilar to most
other insects where there is a strong response to temperature
and photoperiod in preparation for winter (Chown &
Nicolson, 2004).
The winter, freeze tolerant response of this species makes
it similar to the moderate freeze tolerance that is so typical
of most of the beetle species and several of the other insects
on Marion Island (Klok & Chown, 1997; van der Merwe
et al., 1997; Klok & Chown, 2001). Indeed, in the weevils
Bothrometopus parvulus and Ectemnorhinus similis, there is a
significant increase in the SCP of summer acclimatized
individuals, as there appears to be in H. atriceps. By con-
trast, freeze tolerance is not characteristic of the northern
hemisphere rove beetles investigated to date. They generally
show moderate to considerable chill tolerance (Luff, 1966;
Petersen et al., 1996), although this is perhaps not surprising
given the preponderance of freeze intolerance in the north-
ern hemisphere (Zachariassen, 1985; Sinclair et al., 2003).
Nonetheless, freeze tolerance over winter makes H. atriceps
on Marion Island very different to conspecific individuals on
South Georgia, which always froze and died at 3 to 4 C
(Block & Sømme, 1983). However, the experimental methods
differ between this study and theirs, and substantial variation
in the thermal tolerances of beetles across the sub-Antarctic
has been documented previously (Klok & Chown, 2003).
Irrespective of the SCP values, the lower lethal tempera-
tures of H. atriceps larvae and adults are well beyond the
range likely to be encountered in the field. During the year
in which this study was undertaken, absolute minimum
microhabitat temperatures never declined below 6 C,
and freezing was quite uncommon, probably as a conse-
quence of unusually heavy and prolonged snow cover.
Although previous studies have recorded more frequent
freeze-thaw events and much lower absolute minimum tem-
peratures both at sea level and at higher elevations (Chown
& Crafford, 1992; Klok & Chown, 1998), these remain well
within the range of the lower lethal temperatures of
H. atriceps by at least a few degrees. Similarly, although
microhabitat temperatures in the years 2002 and 2003 never
exceeded 22.5 C, other studies have occasionally recorded
temperatures in the habitats of H. atriceps of greater than
30 C (Chown & Crafford, 1992). However, mean maxima
are generally well below this value (Fig. 1a), suggesting that
the upper thermal limits ofH. atriceps are sufficient to allow
survival of most conditions on Marion Island, at least over
Table 3. Summary statistics for supercooling points (C) of field-fresh (FF) Halmaeusa atriceps larvae, and larvae acclimated at 0, 5, 15 and 20 C.
Life stage and treatment n Mean SE Median Minimum Maximum
Supercooling points
FF larvae (late summer) 20 18.9 1.0 18.3 25.3 7.7
FF larvae (winter, whole group) 29 5.4 0.4 4.4 14.2 3.2
FF larvae (winter, high group) 28 5.1 0.3 4.4 8.0 3.2
0 C larvae (autumn) 20 5.4 0.4a 4.7 9.4 3.8
0 C larvae (summer) 5 20.5 1.1d 21.4 21.8 16.0
5 C larvae (summer) 20 14.0 1.2b 15.4 21.1 5.0
15 C larvae (summer) 20 16.7 1.1bc 18.5 22.7 4.3
20 C larvae (summer) 20 19.6 0.9cd 20.9




FF larvae (winter) 11.1 0.06
0 C larvae (late winter) 13.4 0.08
ANOVA: F1,4¼ 27.06,
P< 0.05
Different letters for supercooling points denote significantly different means based on at the 95% confidence intervals of the weighted marginal means
obtained from fitting a generalized model with normal errors and an identity link function to the data. The w2 statistics and significances of these
models are shown. In the case of the lower lethal temperature data, an ANOVA approach was used and different letters denote differences based on
Tukey’s Honest Significant Difference.
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the short-term. Nonetheless, it should be noted that these
upper lethal temperature limits are generally 8–10 C lower
than those found for many of the other insects on Marion
Island (Klok & Chown, 1997, 1998, 2001). What the
longer-term population level effects of high temperature are
likely to be is not known, but deserves further investigation.
Short-term limits to activity (i.e. the critical thermal limits to
activity) lay within, but in the adults surprisingly close to, the
lethal temperature limits. These limits show a narrower range
than is typical of most of the other insects fromMarion Island,
which generally span more than 40 C (Klok & Chown, 1997,
1998, 2001, 2003), whereas the range was 30–35 C in H.
atriceps. Moreover, comparisons of the CTminO of the field-
fresh individuals with those of the acclimation treatments pro-
vide an approximate form of thermal monitoring for the latter.
At least in the autumn, field-fresh individuals have CTminO
temperatures of approximately 3 C, which is midway
betweenCTminO temperatures found for individuals acclimated
at 0 C and those acclimated at 5 C. These temperatures are
remarkably close to those recorded in the beetles’ microhabi-
tats at sea level during the same period (Fig. 1). Feder et al.
(2000b) have suggested that molecular markers (Hsp70 expres-
sion) can be used for small-scale thermal telemetry, and it
appears that this may also be the case for CTminO.
Fig. 3. Upper lethal temperatures (LT50) for field-fresh (FF), and
acclimated adults and larvae of Halmaeusa atriceps (sum, summer;
win, winter). Different letters above each treatment denote significant
differences in the means at the 5% level based on Tukey’s Honest
Significant Difference test (overall ANOVA, F4,19¼ 19.91, P< 0.0001).
A B
C D
Fig. 2. Frequency distributions of supercooling points (C) for field-fresh (FF) Halmaeusa atriceps. (A) winter-acclimatized adults; (B)
summer-acclimatized adults; (C) winter-acclimatized larvae and; (D) summer-acclimatized larvae.
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Perhaps more significantly, it is clear that although critical
thermal minima (onset or recovery) are highly sensitive to
acclimation, changing by as much as 7.6 C across the
acclimation temperatures, critical thermal maximum is not
nearly as sensitive to acclimation temperature. The largest
change found is 2.2 C between acclimation of adults at 0 and
20 C. This large acclimation response of CTmin, but a smaller
response of CTmax, is in keeping with the responses of critical
thermal limits of sub-Antarctic weevils to acclimation (Klok &
Chown, 2003), but differs from Embryonopsis halticella cater-
pillars on Marion Island, which showed a weak, but signifi-
cant decline in CTmax with declining temperatures, but no
response in CTmin (Klok & Chown, 1998). Nonetheless, a
strong response in low temperature limits to either experimen-
tally induced or environmental variation in temperature, but a
weaker one in high temperature limits, does appear to
be typical of insects in general (Gilchrist et al., 1997;
Addo-Bediako et al., 2000; Hercus et al., 2000; Chown,
2001). However, as noted in the Introduction, until recently,
this generalization has been based mostly on investigations of
flies in the genus Drosophila. Hence, the results of the present
study substantiate this finding in another species (and one that
belongs to a higher taxon, the Staphylinidae) that has not been
investigated in this regard to date, thus lending support to the
broader generalizations.
In conclusion, the responses to temperature of H. atriceps
adults and larvae are similar, and probably constitute chill
susceptibility in summer and moderate freeze tolerance in the
winter. Moreover, they are well within the range of environ-
mental temperatures at Marion Island and, in some instances,
can be used as a monitor of them. Most significantly, and as
has been found in most of the other species investigated to date,
lower temperature limits are far more labile than upper ones.
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